Mammalian genomes contain tens of thousands of long non-coding RNAs (lncRNAs) that have been implicated in diverse biological processes. However, the lncRNA transcriptomes of most mammalian species have not been established, limiting the evolutionary annotation of these novel transcripts. Based on RNA sequencing data from six tissues of nine species, we built comprehensive lncRNA catalogs (4,142-42,558 lncRNAs) covering the major mammalian species. Compared to protein-coding RNAs, expression of lncRNAs exhibits striking lineage specificity. Notably, although 30%-99% human lncRNAs are conserved across different species on DNA locus level, only 20%-27% of these conserved lncRNA loci are detected to transcription, which represents a stark contrast to the proportion of conserved protein-coding genes (48%-80%). This finding provides a valuable resource for experimental scientists to study the mechanisms of lncRNAs. Moreover, we constructed lncRNA expression phylogenetic trees across nine mammals and demonstrated that lncRNA expression profiles can reliably determine phylogenic placement in a manner similar to their coding counterparts. Our data also reveal that the evolutionary rate of lncRNA expression varies among tissues and is significantly higher than those for protein-coding genes. To streamline the processes of browsing lncRNAs and detecting their evolutionary statuses, we integrate all the data produced in this study into a database named PhyloNONCODE (http://www.bioinfo.org/phyloNoncode). Our work starts to place mammalian lncRNAs in an evolutionary context and represent a rich resource for comparative and functional analyses of this critical layer of genome.
A large proportion of functional sequence within mammalian genomes can be transcribed into long non-coding RNAs (lncRNAs), which have a length ranging from 200 nt to 100 kb and do not show any evidence of being translated to protein [1] . LncRNAs have been implicated in a multitude of biological processes such as transcriptional regulation, cell growth, differentiation and senescence [2] [3] [4] [5] and associated with some diseases [6] [7] [8] [9] [10] . The expression levels of lncRNA are in average lower than those for protein-coding genes [1, 11] and they often exhibit stronger tissue specificities than coding transcripts [11] . Compared with protein-coding genes and small RNAs (e.g., miRNA and snoRNA), most of lncRNAs are less conserved in sequence [12] . Despite limited overall conservation, many lncRNAs contain local regions that are preserved across multiple spe-cies attesting to their functional potential [13] [14] [15] [16] . In general, genomic sequences of lncRNAs show reduced substitution and insertion/deletion rates compared with expected random rates [12, 17] . In addition, lncRNA transcripts also exhibit clear tissue-specific expression and show lower mutation rate indicating that they are subject to considerable purifying selection. Rapid transcriptional turnover of lncRNAs is found to affect their lineage-specific emergence or disappearance [18] , and the lower expression level of lncRNAs may be associated with their faster evolutionary rate [19] . These findings suggest that variations in lncRNA expression levels might contribute to phenotypic differences between species and in some occasions might be equally critical as protein-coding genes in species or lineage determination. However, questions regarding the overall conservation of lncRNAs in comparison to those of coding genes in major mammalian lineages are still unanswered and the key evolutionary characteristics: tempo and mode of lncRNA transcriptomes have not been fully assessed. These questions remain partly due to the lack of comprehensive lncRNA catalogs of major mammalian lineages and thorough analyses of such datasets from an evolutionary perspective.
In this report, we applied a computational approach to the RNA-Seq data of polyadenylated RNA [20] from six tissues (brain after removing cerebellum or cerebrum brain, cerebellum, heart, kidney, liver, testis) across nine species (human, chimpanzee, gorilla, orangutan, rhesus macaque, mouse, opossum, platypus, and chicken) that represented three major mammalian lineages (placentals, marsupials and monotremes) and birds (the evolutionary outgroup), and identified all transcripts that are expressed and have a negligible potential to encode proteins thus classified as lncRNAs. In total, between 4,141-13,709 lncRNAs were identified from the RNA-Seq data in nine species. By combining Ensembl database [21] and other well-known lncRNA databases [22] [23] [24] [25] , we compiled comprehensive lncRNA catalogues of mammals (4, 558 lncRNAs) . Consistent with previous studies, the expression of lncRNAs tends to be lower and more tissue-specific compared with protein-coding genes [11, 22, 26] . To evaluate the overall conservation of lncRNAs in mammalian lineages, we performed a comprehensive whole-genome conservation and transcription analysis on both lncRNAs and coding transcripts. The results demonstrated that although 30%-99% human lncRNAs are conserved across different species on DNA locus level, a much smaller portion of lncRNA genomic loci are transcribed. We subsequently built lncRNA expression phylogenetic trees across nine species and showed that lncRNA expression phylogenies for most tissues are in line with the known mammalian phylogeny. Evolutionary patterns of lncRNA expression across all other tissues closely resemble the previous published results derived from protein-coding genes [20] . The evolutionary rate of lncRNA expression varies among tissues and is significantly higher than those for protein-coding genes, which suggests that lncRNAs may have experienced stronger positive selection.
Since the comprehensive lncRNA data collection with conservation and evolution annotation generated by our study represents an informative resource for the scientific community, we deposit our data and analyses into a new database we named PhyloNONCODE-a resourceful database of lncRNAs covering their genomic and transcriptional conservation in major species based on molecular evolutionary analysis. PhyloNONCODE allows users to browse and search genomic and transcriptomic conservation status of lncRNA across multiple species, and also provide intuitive visualization tool presenting lncRNA information in the widely used UCSC Genome Browser format.
Materials and methods

Data collection
To obtain a comparative transcriptome for mammals, we performed in-depth analyses of multi-species RNA-Seq data [20] (under accession code GSE30352) from the Gene Expression Omnibus. Those data contains 2.9 billion Illumina Genome Analyser IIx reads of 76 base pairs for the polyadenylated RNA fraction of brain, cerebellum, heart, kidney, liver and testis collected from eight mammalian species. The species were as follows: placental mammals (humans, chimpanzee, gorilla, orangutan, rhesus macaque, and mouse), marsupials (opossum), and monotremes (platypus). Corresponding data were collected for a bird (chicken), as an evolutionary outgroup. RNA-Seq data of five rat tissues (brain, heart, kidney, liver and testis) are used as validation dataset and applied the same process line. These RNA-Seq data are retrieved from GEO dataset with accession code GSE41637 [27] .
The Reference Genome in this work was as follows: hg19 for human, pantro3 for chimpanzee, gorGor3 for gorilla, ponAbe2 for orangutan, rheMac3 for macaque, mm9 for mouse, rn4 for rat, monDom5 for opossum, ornAna1 for platypus, and galGal3 for chicken, which were downloaded from the assemblies featured in the UCSC Genome Browser [28] . Corresponding gene annotations for these assemblies were also downloaded from the UCSC Genome Browser.
LncRNA identification
Based on these RNA-Seq datasets, short-reads were mapped to the genome of corresponding species using the spliced read aligner Tophat (version V1.4.1) [29] with the following parameters: min-anchor=5, min-isoform-fraction=0, and the rest set as default. Mapped reads of biological replicates from the same tissue were merged into a single BAM file in order to facilitate assembly and quantification of these data. Subsequently ab initio assemble software Cufflinks (version V1.3.0) [30] was used to reconstruct transcriptomes for each tissue based on the reads with default parameters.
In order to obtain comprehensive lncRNA catalogs for each species, we developed a computational approach that consisted of the following five steps: ( i ) For each species, all transcripts constructed from the tissues were combined into an initial catalog of whole transcriptome using cuffcompare program. ( ii ) The combined transcripts were compared with Ensembl genes to eliminate known proteincoding genes, pseudogenes, microRNA, tRNAs, snoRNAs, rRNAs, snRNAs, scoRNAs; The pseudogenes here we use are those called "polymorphic pseudogene", which are annotated with an Ensembl protein ID in the Ensembl database. We excluded this class of pseudogenes to avoid the likelihood that they may have coding potential in the cell lines and tissues studied by other ENCODE groups. ( iii ) The coding potential of each transcript using the Coding Noncoding Index (CNCI) software was calculated to recover the transcripts which could be categorized as non-coding [31] . CNCI is a powerful tool to effectively distinguish protein-coding and non-coding sequences independent of known annotations. CNCI software is available at http://www.bioinfo.org/software/cnci. ( iv ) The data of Brawand et al. [20] is not strand-specific. It is the case for the single-exon transcripts that their direction cannot be decided during transcripts-building through cufflinks. Transcripts which were single exon or less than 200 nt were then discarded in our approach. ( v ) The transcripts in intergenic, intronic and antisense regions of protein-coding genes were retained, which are annotated with class code "i", "u" or "x" by cuffcompare. These remaining transcripts were combined with known Ensembl annotations (GENCODE [32] , NONCODE [23] [24] [25] and Human Body Map lncRNAs [11] were included for human beings; NONCODE were also included for mouse). These five steps yielded a total of 4,141-42,558 lncRNAs, from nine species.
Expression and tissue specificity analysis
The fragments per kilobase of exons per million fragments mapped (FPKM) expression values of lncRNAs and protein-coding genes were calculated by Cufflinks [30] . To investigate the tissue specificity of lncRNA expression, each transcript was assigned a tissue specificity score derived from an entropy-based metric that relies on Jensen-Shannon (JS) divergence [11] . This specificity metric (ranging from 0 to 1) quantifies the similarity of a transcript's expression pattern across tissues, together with a predefined pattern that represents the extreme case in which a transcript is expressed only in one tissue. Thus, a perfect tissue-specific pattern would receive a JS score of 1.
Conservation analysis based on pair-wise conserved counterparts
To assess gene conservation, we made a comparison between all genes of one species against all the other species in our sample to find their conserved counterparts using UCSC LiftOver tool [28, 33] . In brief, the LiftOver utilized BLASTZ [34] , an independent implementation of the Gapped BLAST algorithm specifically designed for aligning two long genomic sequences, as a core algorithm to detect homologous regions in other genomes. It firstly split the original genome into smaller fragments and then aligned the abbreviated genomes to the target genome using syntenic BLASTZ alignments. Taking into account the relative low resolution of LiftOver, we focused the conservation of lncRNAs on genomic loci rather than transcript structure. It is worth noting that only if a gene has a homology, can its genomic location in another species be elucidated. The gene was considered as a lineage-conserved gene if it had conserved counterparts across all species of the samples in all putative lineages.
We defined Coverage Pattern of Conserved Counterparts (CPCC) score to measure the conservation degree of lncRNAs. Given the following statement, Gene A in X species has conserved counterpart B in Y species, the conserved counterpart of B in X species is C. If A has no overlap with C, its CPCC score is 0, and A is considered a unilateral conserved lncRNA; if A partially overlaps with C, then CPCC score of A is the ratio of the overlap part between A and C to A, and A is called as bilateral and partial conserved lncRNAs. if A completely overlaps with C, then CPCC score of A is 1, and A is called as bilateral and complete conserved lncRNAs.
Not all genomic-conserved counterparts of genes are transcribed in other species. For genes in one species, their conserved counterparts were defined as expressed in other species when there is at least one transcript completely or partially (>80%) located in the conserved counterpart region. The expression abundance of conserved counterparts was estimated by summing the expression value of all the transcripts located therein, which is based on the gene loci quantitative strategies of FPKM via Cufflinks as mentioned above [35] .
Construction of mammalian gene expression phylogenetic trees
Both lncRNA and protein-coding gene expression trees were constructed using the neighbor joining approach based on pair-wise distance matrices between species [36, 37] . The distance between samples (as a measure of divergence) was computed from the gene expression profiles as 1-, where  is Spearman's correlation coefficient. Spearman's correlation coefficient is a nonparametric measure of statistical dependence between two variables. It assesses how well the relationships between these two variables. This measure was used because it is insensitive to outliers and potential data normalization inaccuracies. Genes with low level of expression at zero in all species were excluded at the first step. The neighbor-joining trees were built using functions in the "ape" package [38] in R. The reliability of branching patterns was assessed with bootstrap analysis, which randomly sampled 1,000 times by replacement randomly.
Results
Construction of comprehensive lncRNA catalogs across nine species
To generate comprehensive lncRNA catalogs, we firstly applied a computational approach to reconstruct lncRNAs using RNA-Seq data from six tissues across nine species that represent all major mammalian lineages as well as birds (see Materials and methods). Totally, we identified 14,294-17,202 protein-coding genes and 4,141-13,709 lncRNAs per species (Figure 1a ; Table S1 ). These lncRNAs were grouped into three classes, namely intergenic, intronic and antisense lncRNAs. This classification information can be easily fetched from our PhyloNONCODE database. By comparing with known protein-coding and lncRNA genes from Ensembl database [21] , we could identify 76%-86% of protein-coding genes and 40%-50% of human and mouse lncRNAs respectively. Furthermore, we confirmed that we had successfully constructed 49% (6,426/13,249) of coding and 37% (3,023/8,195 ) noncoding human transcripts annotated by GENCODE V12 [32] and Human Body Map [11] , validating the efficacy of our assemble pipeline.
Secondly, we completed the integration of the lncRNA data with Ensembl annotations [21] of corresponding species (GENCODE [32] , NONCODE [23] [24] [25] and Human Body Map [11] lncRNAs were included for human beings, NONCODE [24] [25] [26] were included for mouse). The current catalogs include 42,558 lncRNAs for human, 9,347 for chimpanzee, 6,517 for gorilla, 4,141 for orangutan, 8,094 for rhesus, 25,464 for mouse, 5,964 for opossum, 7,872 for platypus and 6,804 for chicken (Table S1 ). The exon length of lncRNAs is similar to that of protein-coding genes, but the length of whole transcripts of lncRNAs is shorter (Figure 1b; Figure S1 ).
Thirdly we characterized the expression of lncRNAs for each species based on the FPKM value [35] . Consistent with previous studies [11, 18] , the average expression level of lncRNAs in mammals are lower than protein-coding genes across all species (Figure 1c ; Figure S2 ). To assess the extent of tissue specificity of lncRNA expression, each transcript was assigned with a tissue specificity score (JS score) [11] . Same as the previous reports [11, 26] , a markedly higher proportion (21%-50%, JS score>0.9) of lncRNAs are expressed in a tissue-specific manner, compared to only 10%-17% for protein-coding genes ( Figure 1d ; Figure S3 ; Tables S2 and S3) . Thus, in all species we studied, lncRNAs are clearly more tissue-specific than their protein-coding counterparts, which might reflect their unique functionality in the nexus of complex biological systems.
Conservation study of lncRNAs in mammals
To systematically assess the conservation of lncRNAs in mammals, we analyzed their conservation levels at different evolutionary distances from each other. For each mammalian species examined, the genomic sequences of both lncRNAs and protein-coding genes were compared respectively to all the other species, and then pair-wise conserved status was evaluated. Using human as an example, we detected an average of 94.4% (40,185/42,558) genes that have conserved counterparts in placental species but the percentages drop to 70.1% (29,849/42,558) and 54.8% (23,303/ 42,558) for marsupials and monotremes respectively (Figure 2a ; Table S4 ). For protein-coding genes, the similar conservation pattern was observed among three lineages ( Figure S4 ). According to the genomic location of lncRNAs and their conserved counterparts, we defined Coverage Pattern of Conserved Counterparts (CPCC) score (see Material and methods) and classified conserved lncRNAs into three levels: (i) Unilateral conserved lncRNAs (CPCC score=0) represent the lowest conserved level. (ii) Bilateral and partial conserved lncRNAs (0<CPCC score<1) represent the intermediate conserved level. (iii) Bilateral and complete conserved lncRNAs (CPCC score=1) represent the highest conserved level. Based on this classification, a significantly larger portion of bilateral and complete conserved lncRNAs are observed in primates than in other species (Figure 2a) . The pair-wise conservation atlases of each chromosome for human lncRNA genes also exhibit the same pattern ( Figure  2b ; Figure S5 ). Consistent with the reported studies [39, 40] , hotair were found widely existing in mammals, as shown by the CPCC score in PhyloNONCODE ( Figure S11 ), and the xist gene existing from humans to the opossum, absent in the platypus and chicken ( Figure S11 ). 62% and 59% of human lncRNAs were found to be 1 : 1 orthologous in mouse and rat with CPCC score in 0 to 1, similar to a study of human long non-coding RNAs in the other six mammals, in which the figures are 58% and 54% [26] . As a means of alternative validation, we checked the conservation status of 18 evolutionarily conserved long intergenic non-coding RNAs (lincRNAs) in the eye identified in a previous study [41] , most of which were found to be conserved across mammals in our study (Table S7) .
Furthermore, investigation of the lineage-conservation of lncRNAs and protein-coding genes showed similar results with pair-wise conservation comparisons. The overall conservation of lncRNAs is significantly lower than that of protein-coding genes. Specifically, only 47.5% (20,202/ 42,558) of lncRNAs are conserved across mammals (94.4%, 84.9% and 63.8% are conserved across primates, placentals and both placentals and marsupials respectively), while nearly 81.0% (16,417/20,279) of protein-coding genes are mammal-conserved (Figure 2c ; Tables S5 and S6 ). The conservation status evaluated by the phastcons score further demonstrated that the score of our conserved catalogs for both lncRNAs and protein-coding genes are higher than score of total genes (Figure 2d ). Moreover, we checked the conservation status of 18 evolutionarily conserved long intergenic non-coding RNAs (lincRNAs) in the eye identified by previous study [41] , 14 of which are conserved across mammals in our study (Table S7) .
Determining the extent to which transcription of conserved lncRNA loci is retained or lost across multiple evolutionary lineages is essential if we are to understand their contribution to mammalian biology and to lineage-specific traits. To investigate the proportion of conserved genes that are also transcribed, the transcriptional status of pairwiseand lineage-conserved genes were evaluated based on RNA-Seq data (see Materials and methods). The results showed a distinct pattern between lncRNAs and protein-coding genes. Although a large proportion of lncRNAs exhibited conservation in placentals in a pair-wise manner but only 19.3%-26.3% of these genomic conserved lncRNAs are expressed in corresponding species (Figure 2a ; Table S4 ). On the contrary, the expressed genes contribute to most of the genomic conserved genes for protein-coding genes (70.1%-79.6%) ( Figure S4 ). These observations are also obvious when it comes to lineage-conserved genes. Respectively, 45 are the figures for protein-coding genes (Figure 2c ). These results suggest that lncRNA transcriptome is much more specific (including species-specific and lineage-specific) than their corresponding genomic context and could serve as a more reliable reflection of their evolutionary standing among different species.
The evolutionary trends of lncRNA expression
A growing body of evidence supports the concept that gene regulation modifications could produce the major phenotypic differences that underlie adaptive changes and our results above have highlighted the contribution of lncRNA expression to the species-and lineage-specificity. To trace the evolutionary pattern of the lncRNA expression, we constructed gene expression trees by building expression distance matrices for each tissue. In order to gain insights into the differences in evolutionary modes between proteincoding gene and lncRNA expressions, separate trees were built for 10,061 protein-coding genes and 10,770 lncRNAs conserved in all nine amniotic species that allows side-byside comparison. Consistent with previous study and current protein-coding gene expression trees [20] , lncRNA expression trees were found to be highly consistent with known mammalian phylogeny (Figure 3a and 3b; Figures S6 and  S7 ). The lncRNA expression trees correctly resolved the three major mammalian lineages (placentals, marsupials, and monotremes). Primates were separated from rodent, while human and the other great apes were grouped together with exclusion of the rhesus macaque. This observation suggests that expression changes of lncRNAs accumulate over evolutionary time leading to similar expression levels among closely related species. To further validate the robustness and scalability of our approach, we carried out similar analysis on an independent RNA-Seq data from five tissues of rat [27] . Overall, 18,330 lncRNAs genes were identified, of which 16,163 are novel discovered. These 18,330 rat lncRNA genes were analyzed by the above downstream procedure. The final results show that when rat lncRNA expression information from five tissues was incorporated into phylogenetic trees, all species maintain their correct evolutional placement ( Figure S8 ). This excise validates that our molecular evolutionary analysis using RNA-Seq data is very robust and could be applied to RNA-Seq data of diverse sources. (10, 770 lncRNA genes randomly sampled with replacement 1,000 times) are indicated by circles: white0.9; yellow<0.9. c, Comparisons of total branch lengths of expression trees between the six tissues examined (br: brain; cb: cerebellum; ht: heart; kd: kidney; lv: liver; ts: testis), for protein-coding genes (box with solid line) and lncRNAs (box with dotted line). Errors: 95% confidence intervals based on bootstrap analysis (1,000 replicates, with one individual per species sampled in each replicate). d, Spearman's correlations between gene expression of human and the other species. C: protein-coding genes; N: lncRNAs. br: brain; cb: cerebellum; ht: heart; kd: kidney; lv: liver; ts: testis. For example, C-br denotes for Spearman's correlation of protein-coding gene expression in the brain.
Rates of expression change for lncRNAs in lineages and tissues
We next investigated the rates of expression changes for lncRNAs in lineages and tissues. The total branch lengths of expression trees for lncRNA were markedly greater than those for protein-coding genes, suggesting that the evolution of lncRNA expression may proceed more rapidly (Figure  3c ), which is consistent with previous study [17] . However, the total branch lengths of the expression trees among different tissues exhibited similar trends for both protein-coding genes and lncRNAs: expression trees of both of them are found to vary widely among tissues (Figure 3c ). Consistent with previous study derived from protein-coding genes [20] , the lncRNA expression trees showed that the two neural tissues apparently evolved significantly more slowly than the other tissues. This indicates that the lncRNAs in these neural tissues may also have experienced stronger selection pressure during mammalian evolution. Similarly, lncRNAs in the testis tissue appear to have evolved significantly more quickly than in the other tissues, suggesting weaker selection pressure in force upon lncRNAs in the tissue (Figure 3c) . Furthermore, pair-wise species comparisons conducted for both protein-coding genes and lncRNAs generated consistent results as expression phylogeny analyses described above and provided addition support that the lncRNA expression divergence increased more than protein-coding gene expression ( Figure  3d ).
PhyloNONCODE is a comprehensive data source to study the conservative and evolutionary status of lncRNAs
Based on lncRNA data collected and analyzed in this study, we have developed PhyloNONCODE database. Phylo-NONCODE is included in our analysis platform for noncoding RNAs, which consists of ncRNA resources such as NONCODE [23] [24] [25] , NPInter [42] , antiCODE [43] and PhyloNONCODE as well as online tools and web servers for analysis of ncRNAs [44] . As a member of the union of specific databases and tools for noncoding RNAs, PhyloNONCODE is the first open access resource for largescale identification and evolutionary annotation of mammalian lncRNAs and a one-stop knowledge gateway for lncRNA evolution studies. Currently, PhyloNONCODE cover the most comprehensive dataset of lncRNAs in 10 organisms, including nine mammals and one bird. User queries can be customized based on the conservation statuses of user-defined species and conservation degree for each lncRNA at search page. PhyloNONCODE provides "Browser" tool to display all genes in all species and their conservation status in other species. Links to the detailed information of each lncRNA are included in the browse or blast search result page to allow users to easily obtain lncRNA basic information as well as visualization for further analysis (Figure 4 ). Since its visualization platform is based on a local UCSC genome browser, both existing and Figure 4 Browse, and visualization of human lncRNAs in PhyloNONCODE. In browse page, the degree of conservation for each lncRNA in the other nine species is colored and marked as the CPCC score. Links to the transcript/gene entry page of each lncRNA are included in the browse page, that allow users to easily view its conserved information as well as visualization for further analysis.
newly updated data are available. In addition, users could also add their own tracks to display the genome context information of lncRNAs of their interest. The analysis of the independent rat RNA-Seq dataset described above has proved that our approach is universally effective for most RNA-Seq data.
Discussion
The existing annotations of lncRNAs for different organisms vary significantly in their coverage and depth. Human and mouse have the largest numbers of annotated lncRNAs in the published database, while lncRNAs in others species, even within mammalian lineage, have rarely been documented and analyzed in a systemic manner. Our current work provides comprehensive lncRNA catalogs including some of the poorly-annotated mammalian species. Unlike the previous approach, which uses Codon Substitution Frequencie (CSF) score or the presence of sequence similarity with known protein to distinguish lncRNA from protein-coding genes [11, 17] , here we used CNCI [31] , a powerful signature tool, by profiling adjoining nucleotide triplets to effectively distinguish protein-coding and noncoding sequences independent of known annotations. CNCI is effective for classifying incomplete transcripts and sense-antisense pairs. The implementation of CNCI offered highly accurate classification of transcripts assembled from whole-transcriptome sequencing data in a cross-species manner. Our previous work has proved that CNCI is more suitable for RNA assembled from cross-species RNA-Seq data, especially for those non-model organisms.
For human and mouse dataset, it is interesting to note that only a small fraction of the known lncRNA genes can be reconstructed using RNA-Seq data for six tissues, yet most of the known protein-coding genes can be easily assembled. This observation probably reflects the different expression patterns between lncRNAs and protein-coding genes, with lncRNAs much more tissue and cell-type specific [11] . Certainly the proportion of known human lncRNAs identified from the six tissues is consistent with a previous investigation [11] which utilized RNA-Seq data of a total of 24 normal tissues and cell lines. Compared with the lncRNAs reported by Necsulea et al. [17] we found the overlap between two studies is limited. In the case of homo sapiens, the consistency of two studies is about 50%. Taken it into account that the lncRNA we report are mainly from NONCODE and prediction from sequencing data, it is conceivable that differences of lncRNA sources and prediction tool may have significant impact on results. As the reliability of lncRNA data is still unknown to date, we are trying to extract one subset of lncRNAs, which can be regarded as the golden set, which would be available on our next version of PhyloNONCODE.
The poor genomic conservation of lncRNAs made it difficult to assess their functions in species evolution but their unique tissue-specific expression pattern does suggest they might contribute to this process. The emergence of next-generation sequencing technology made it possible to conduct evolutionary investigations based on the expression level of lncRNAs. Here we were able to integrate gene conservation and transcriptional profiles to establish a global view of mammalian lncRNA evolution. As the existing studies illustrate, protein-coding genes are often widely expressed and nearly always very deeply conserved, while lncRNAs have high spatio-temporal specificity and rapid turnover [17, 18, 22, 26] . We have assumpted that the difference may suggest the different roles that these two types of genes might play: with protein-coding genes as the direct encoder of the phenotype and lncRNAs as the functional regulator in the specific organisms [45] [46] [47] [48] . It is noteworthy that, the conservation status of some lncRNAs whose genomic locations overlap with protein-coding genes may not be able to be defined as accurately as those of long intergenic non-coding RNA (lincRNAs) [14] . However, in order to provide an inclusive lncRNA conservation data to the broad scientific community, all lncRNAs are included in our current analysis. In fact, when using the same pipeline to lincRNAs, only minor difference was observed (the position of platypus and opossum in the tree are reversed compared with known taxonomy) ( Figures S9 and S10 ).
Both levels of conservation were integrated into the database PhyloNONCODE for the first time, in which the CPCC score represents genomic conservation and FPKM represents the transcriptional information. Phylo-NONCODE provides biologists with an informative resource to further explore the general features and unique characteristics of lncRNAs which might eventually shed light on their functional and evolutionary significance. The decreasing cost and improved depth of the RNA-sequencing technology have allowed transcriptomes of diverse species to be studied in their entirety. As a result, it is expected that novel lncRNAs will be discovered on a continuous basis with an unprecedented pace. The lncRNA analysis pipeline we established represents a powerful tool to curate these enormous datasets, and our PhyloNONCODE database offers a resourceful platform for assessing the evolutionary standings of individual or collection of lncRNAs, which could provide critical insights into their functions.
The authors declare that they have no conflict of interest. This research has fully complied with research ethics.
This work was supported by Training Program of the Major Research Plan of the National Natural Science Foundation of China (91229120).
Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
Supporting Information
Figure S1 On and transcript length distributions for lncRNAs and protein-coding genes. The supporting information is available online at life.scichina.com and link.springer.com. The supporting materials are published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content remains entirely with the authors.
